Sepsis is the most common cause of acute respiratory distress syndrome, a severe lung inflammatory disorder with an elevated morbidity and mortality. Sepsis and acute respiratory distress syndrome involve the release of inflammatory mediators to the systemic circulation, propagating the cellular and molecular response and affecting distal organs, including the brain. Since it has been reported that sepsis and acute respiratory distress syndrome contribute to brain dysfunction, we investigated the brain-lung crosstalk using a combined experimental in vitro airway epithelial and brain cell injury model. Conditioned medium collected from an in vitro lipopolysaccharide-induced airway epithelial cell injury model using human A549 alveolar cells was subsequently added at increasing concentrations (no conditioned, 2%, 5%, 10%, 15%, 25%, and 50%) to a rat mixed brain cell culture containing both astrocytes and neurons. Samples from culture media and cells from mixed brain cultures were collected before treatment, and at 6 and 24 h for analysis. Conditioned medium at 15% significantly increased apoptosis in brain cell cultures 24 h after treatment, whereas 25% and 50% significantly increased both necrosis and apoptosis. Levels of brain damage markers S100 calcium binding protein B and neuron-specific enolase, interleukin-6, macrophage inflammatory protein-2, as well as matrix metalloproteinase-9 increased significantly after treating brain cells with !2% conditioned medium. Our findings demonstrated that human epithelial pulmonary cells stimulated with bacterial lipopolysaccharide release inflammatory mediators that are able to induce a translational clinically relevant and harmful response in brain cells. These results support a brain-lung crosstalk during sepsis and sepsis-induced acute respiratory distress syndrome.
Introduction
Sepsis is a systemic inflammatory response resulting from severe infections. Sepsis is the leading cause of acute respiratory distress syndrome (ARDS), multiple system organ dysfunction, and death among non-cardiac critically ill patients. 1 Despite advances in understanding the host immunologic response and pathophysiology of sepsis and ARDS, it still lacks a specific therapy. 2 Mechanisms underlying lung injury in sepsis and ARDS are coordinated by a cascade of inflammatory mediators that eventually lead to structural alterations and the disruption of the alveolar epithelial-endothelial capillary barrier, increasing lung permeability and contributing to edema formation. 3, 4 There is ample evidence showing that injured lung cells release inflammatory mediators to the systemic circulation, contributing to spread the damage and exerting a deleterious effect on distal organs. 5 This systemic propagation of the inflammatory response may cause tissue damage leading to significant, often unappreciated, long-term consequences secondary to effects on various organ systems that ultimately lead to higher mortality. 5 In this context, sepsis-associated encephalopathy represents a severe brain dysfunction caused by systemic inflammation without clinical or laboratory evidence of direct brain infection and it is associated with a poor prognosis. 6 Several studies suggest that ARDS may be responsible for brain dysfunction and poor neurocognitive outcomes. In animal models, acute lung injury led to enhanced brain damage, 7 and increased brain cytokines impair neurocognitive features. 8 Interleukin (IL)-6, one of the pro-inflammatory cytokines with ample roles in the central nervous system (CNS), has been the focus of therapeutic approaches to reduce neuroinflammation associated with brain dysfunction and cognitive impairment. 8 Specific markers of CNS injury, such as the glycolytic isoenzyme neuron-specific enolase (NSE) or the calcium-binding protein S100B, have been studied in sepsis and are currently considered useful biomarkers in the diagnosis of septic-associated encephalopathy. 6, 9 Macrophage inflammatory protein-2 (MIP-2) plays an essential role in the neuroinflammatory response during sepsis since they modulate neutrophil infiltration into the brain, 10 and MMP-9 plays a crucial role in the blood-brain barrier (BBB) integrity. 11 Up to 71% of septic patients develop potentially irreversible acute cerebral dysfunction, 9 and survivors are often discharged with debilitating cognitive and behavioural problems that persist for years or are irreversible, with impaired quality of life. [12] [13] [14] [15] Since cognitive disturbances after sepsis and ARDS are common and potentially modifiable, there is a remarkable growing interest in elucidating mechanisms underlying the interaction between the lung and the brain 14, 15 during critical illness.
Our study was aimed to explore the response of astrocytes and cortical neurons to mediators released by lipopolysaccharide (LPS)-activated human lung epithelial cells, in a well-established in vitro approach based on the first steps in the development of sepsis and sepsis-induced ARDS. 16 We postulated that inflammatory mediators released during LPS-induced lung epithelial cell injury may cause brain cell injury, contributing to the brain dysfunction found in patients with sepsis and sepsis-induced ARDS.
Materials and methods
Lung alveolar epithelial and primary mixed brain cell cultures
We used A549 cells (human pulmonary alveolar epithelial carcinoma cells), a cell line that retain features of type II alveolar epithelial cells. A549 cells were obtained from American Type Culture Collection (ATCC Õ , USA), grown in Dulbecco's modified Eagle's medium (DMEM) with 10% v/v fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin (all from Gibco, Madrid, Spain) and maintained in an incubator at 37 C with a humidified atmosphere containing 95% air/5% CO 2 . Once the culture was established, cells were seeded at a density of 5 Â 10 4 cells/cm 2 in multiwell plates (Corning, Madrid, Spain) and maintained in 2% FBS for subsequent experiments.
Primary rat mixed cerebral cell cultures were prepared as described previously by a member of our group. 17 Briefly, astrocytes were obtained by dissecting the brain cortical area of 1-day-old Sprague-Dawley rat pups and seeded in 75 cm 2 flasks. Ten days after plating, astrocytes were collected and seeded at 2 Â 10 5 cells per cm 2 in poly-Dlysine-precoated multiwell plates (BD Biocoat, Spain) in DMEM containing 25 mM glucose, 10% v/v FBS, 100 U/mL penicillin and 100 mg/mL streptomycin. Four days after plating, cortical neurons were obtained from E16-17 rat embryos and 2 Â 10 5 cells were seeded on top of the astrocytes homogeneous feeder layer. This mixed culture contains 45 AE 5% astrocytes and 55 AE 5% neurons. 17 
LPS stimulation of A549 cells
We used an in vitro LPS-induced lung epithelial cell injury model validated by our group. 16 A549 cells were treated with LPS and their conditioned media was subsequently placed over mixed primary brain cells. Pilot experiments testing increasing doses of LPS from Escherichia coli 055:B5 (Sigma-Aldrich, Madrid, Spain) were performed to determine the optimal LPS concentration that activates A549 without causing significant cell death, resulting to be 100 ng/mL. A549 cells were placed in medium containing 2% FBS, 100 ng/mL LPS was added to culture medium, and cells were returned to the incubator. Twelve hours after treatment, culture medium was collected and passed through a 0.22 mm-pore-size filter (Millipore, Madrid, Spain) to remove remaining cells and stored at À80 C until analysis or prepared for subsequent treatment of neural cells. All experiments were performed three times in triplicate.
Treatment of brain cells with A549 conditioned medium
Filtered collected medium from A549 cells was incubated for 90 min at 37 C with LPS inhibitor polymyxin B sulphate (10 mg/mL, Sigma, Spain) to exclude the possibility that LPS could activate mixed brain cells. Polymyxin B is a cationic polypeptide that binds to the lipid A, the most toxic portion of LPS, resulting in LPS inactivation. 18 At the tested dose, polymyxin B did not affect brain cells viability, as previously reported. 19 This was designated as ''A549 conditioned medium'', and contained inactivated LPS, DMEM, FBS, LPS and any other factors secreted by LPS-stimulated A549 cells.
Subsequently, culture medium of mixed brain cells was replaced by A549 conditioned medium at different percentages: 0% (no conditioned medium), 2%, 5%, 10%, 15%, 25%, and 50%. Supernatant and cell lysates from mixed brain cells were collected for analysis before treatment with conditioned medium (t ¼ 0), at 6 h (t ¼ 6), and at 24 h (t ¼ 24).
Controls for each group were established as mixed brain cell cultures whose medium was replaced by medium from non-stimulated A549 cells.
Trypan blue exclusion assay
Twenty-four hours after adding conditioned medium, brain cell death was determined by Trypan blue dye exclusion test, which does not discriminate between necrosis and apoptosis. Cells from each group were detached by trypsinization and subsequently collected by centrifugation. After resuspension in phosphate buffered saline, equal volumes of cell suspension and 0.4% Trypan blue (Invitrogen, Madrid, Spain) were mixed and incubated for 10 min at room temperature. The number of dead cells (blue stained) was counted using a hemocytometer from five random fields with counting grid. Data are expressed as percent of total cells/field AE SD.
Lactate dehydrogenase determination
Lactate dehydrogenase (LDH) released from damaged brain cells was measured to determine cell necrosis. LDH activity was analyzed in culture media of cerebral mixed culture collected 24 h after adding conditioned medium using a commercial kit (Sigma) and a microplate reader (Biotek, USA) for spectrophotometric measurements. LDH release is expressed as percentage of total cell LDH and plotted as percentage of LDH release induced by treatment with A549 conditioned medium. Basal LDH release was 8 AE 2% (n ¼ 9).
Apoptosis assessment by caspase-3 activity
Caspase-3 activity in mixed brain cell lysates collected 24 h after adding conditioned medium was determined as an apoptosis marker in a fluorometric assay by measuring the extent of cleavage of the fluorescent peptide substrate (Z-DEVC-AMC) using a commercial kit following manufacturer's instructions (Invitrogen). The amount of the released fluorescence product was determined in a fluorescent microplate reader (Biotek).
Biomarkers implicated in inflammation, chemotaxis, and cell integrity
IL-6, MIP-2, and MMP-9 were measured in A549 conditioned medium and in mixed brain cells medium collected 6 and 24 h after treatment. In addition, secreted NSE and S100 calcium binding protein B (S100B) were measured at t ¼ 6 and t ¼ 24 in supernatant of brain mixed cultures as markers of neuronal damage and astroglial activation, respectively. ELISA commercial kits were used following manufacturer's instructions (IL-6 and MMP-9 from R&D Systems, USA; MIP-2, NSE and S100B from Cusabio, China). Lower detection limits of the assays were 36 pg/mL, 0.03 ng/mL, 6.25 pg/mL, 0.09 ng/mL, and 3.12 pg/mL for IL-6, MMP-9, MIP-2, NSE, and S100B, respectively. Inter-and intra-assay coefficients of variation were below 7% for all analysis.
Statistical analysis
All data are from nine independent experiments. Comparisons among experimental groups were performed with ANOVA following post-hoc test for linear trends. Pairwise comparisons between treated and control groups were made with Student's t-test. Statistical software Prism 5 (GraphPad, USA) was used. A two-sided P value <0.05 was considered significant.
Results

Effects of A549 conditioned media on brain cells
Treatment with 2% or 5% of A549 conditioned media did not induce morphological changes in brain cell cultures (Figure 1b and c) . At 15%, some damaged neurons were visible, while others remained morphologically unaltered (Figure 1d ). Neurons treated with 25% and 50% conditioned media lost their neurites and became shrunken and rounded, all typical morphological features of apoptosis (Figure 1e and f).
A549 conditioned media at 2% or 5% did not increase necrosis or apoptosis in brain cells compared to control (Figure 2a-c) . Conditioned medium at 15% did not increase brain cell necrosis (Figure 2b ) but it yielded higher apoptosis compared to control (Figure 2a and c) (P < 0.005). Conditioned media at 25% or 50% led to a significant increase of brain cell death (P < 0.05 and P < 0.005, respectively) (Figure 2a ), both for necrosis ( Figure 2b , P < 0.005) and apoptosis (Figure 2c , P < 0.05) compared to controls. S100B levels were different among treated brain cell groups and showed a significant increasing linear trend with A549 conditioned medium, both at 6 h (P < 0.005) and 24 h (P < 0.001) (Figure 3a and b) .
NSE levels differed among brain cell groups, showing a significant linear trend with percentage of A549 conditioned media, both at 6 h (P < 0.001) and 24 h (P < 0.001) (Figure 4a and b). Levels of S100B and NSE differed at 6 versus 24 h only with A549 conditioned medium at 50% (P < 0.05).
IL-6, MIP-2, and MMP-9 in A549 conditioned media
Twelve hours after LPS stimulation, supernatant of A549 cells had 5024.6 AE 187.5 pg/mL of IL-6, 821.6 AE 38.0 pg/mL of MIP-2, and 632.2 AE 20.2 pg/mL of MMP-9, while levels in untreated culture media were below detection limit.
Effects of A549 conditioned medium on IL-6, MIP-2, and MMP-9 levels in brain cells IL-6, MIP-2, and MMP-9 levels differed among groups of brain cells and showed a significant increasing linear trend with percentage of A549 conditioned media, both at 6 h (P < 0.001, P < 0.001, P < 0.05, respectively) and 24 h (P < 0.001, P < 0.001, P < 0.01, respectively). IL-6, MIP-2, and MMP-9 increased significantly at 6 and 24 h compared to controls (Table 1, all P < 0.0001). Levels of IL-6, MIP-2, and MMP-9 were higher at 24 compared to 6 h in all groups (Table 1, all P < 0.05).
Discussion
Our findings suggest that lung epithelial cells when stimulated by LPS may exert significant biological effects on brain cells. Brain cells subjected to products released by stimulated lung alveolar cells caused (1) apoptosis and necrosis, (2) synthesis of specific markers of neuronal damage and astroglial activation, and (3) release of IL-6, MIP-2, and MMP-9. According to our findings, mediators released by pulmonary cells after LPS stimulation are toxic for brain cells in a dose-dependent manner, inducing from a tightly regulated process as cellular apoptosis to an uncontrolled release of harmful cellular content causing brain cell necrosis. Inflammatory molecules released by stimulated pulmonary cells might account for the observed effects. Of note, the selected dose of LPS did not cause cell death of A549 cells; therefore, no molecules released by necrotic or apoptotic cells, which could affect and/or mask neural response, are expected to be present in conditioned media.
The inflammatory cascade of LPS-stimulated A549 cells involves cytokines such as IL-8, 16 IL-1b, or TNF-a, 20 which induce neuronal death in vitro. 21, 22 The increase of S100B at 6 h indicates an early response of brain cells, sustained and pronounced at 24 h. S100B is a multifaceted protein produced mainly by astrocytes with an important role in neuroinflammation by signaling tissue damage and participating in the inflammatory response by activating microglia. 23 The marked increase of S100B observed in our experiments suggests that mediators released from stimulated alveolar cells might include regulators of S100B. Serum S100B levels were elevated in an animal model of ARDS where hippocampal cells showed damage. 7 S100B has been suggested as a candidate biomarker for cerebral dysfunction in septic shock. 24 High concentrations of extracellular S100B stimulate the expression of pro-inflammatory cytokines and induce neuronal apoptosis. 25 Also, conditioned media yielded to higher NSE levels suggesting that cortical neurons are very sensitive to mediators released by LPS-stimulated A459 cells. NSE is a glycolytic isoenzyme located almost exclusively in neurons and it is considered a reliable, quantitative, and specific marker of neuronal injury in vitro. 26 NSE serum levels have been extensively investigated as markers of poor outcome in patients with stroke or neurological dysfunction after surgery. 27, 28 Both S100B and NSE have been explored as markers of brain injury in severe sepsis, and may help to diagnose sepsis-associated encephalopathy. 6 Serum S100B and NSE are increased in children with septic shock 29 and in patients with brain injury and severe sepsis. 30 Of note, S100B has been reported as the strongest predictor of survival in patients with severe sepsis. 30 In our study, increasing concentrations of conditioned media were associated with increasing levels of IL-6, MIP-2, and MMP-9 in brain cells. Although we did not explore the cellular origin of these mediators, it has been reported that both neurons and astrocytes express IL-6, 31 MIP-2, 32 and MMP-9. 33 A549 cells release IL-1b and TNFa after LPS stimulation, which exert a strong and synergic inducing signal for IL-6 in neurons 34 and astrocytes. 35 Proinflammatory cytokines are increased in patients with septic-associated encephalopathy and might contribute to the development of long-term neurological deficits 8,36 since chronic or high increases of IL-6 levels are associated with neuronal and cognitive impairment. 37 Therefore, acute lung inflammation during ARDS might contribute to cerebral dysfunction by promoting neuroinflammation. Although lung-brain crosstalk in critical patients is still poorly understood, it has been reported that mechanical ventilation might activate intracellular signalling pathways in the brain, leading to the release of inflammatory mediators to the bloodstream that may activate neurons 38 and also triggering hippocampal apoptosis. 39 Chemokines, such as MIP-2, are expressed in the brain during sepsis and seems to be necessary for neutrophil transmigration into the brain parenchyma. High levels of MIP-2 have been associated with severity of sepsis 40 and shock survival in mice. 41 MMP-9 plays a crucial role in the integrity of the BBB as a main component of the extracellular matrix in the neurovascular unit. 11, 42 Degradation of the basal lamina in brain tissue often results in BBB leakage, edema, and hemorrhage, and MMP-9 levels are considered markers of poor prognosis in brain ischemia. 43 Although there is evidence that BBB is affected in septic patients 44 and it is thought to contribute to development and progression of septic-associated encephalopathy, 45 mechanisms of BBB damage in sepsis have been poorly explored. Dal-Pizzol et al. 46 reported that the increase of BBB permeability in septic rats is time-related to the increase of MMP-9 and MMP-2 in the microvessels, and this effect was reversed by MMPs inhibitors. Thus, by increasing MMP-9 in brain cells, mediators released by stimulated lung epithelial cells might contribute to BBB damage in sepsis. Pro-inflammatory mediators released by injured lungs during pneumonia, sepsis, or sepsisinduced ARDS may reach the brain contributing to cerebral dysfunction and development of sepsis-associated encephalopathy, a clinical condition associated with poor prognosis. 9 Figure 4 Effects of A549 conditioned medium on neuron-specific enolase (NSE) levels in brain cells at 6 h (a) and at 24 h (b). *P < 0.05, **P < 0.005, ***P < 0.001 compared to controls. n ¼ 9 Table 1 Levels of interleukin (IL)-6, macrophage inflammatory protein-2 (MIP-2), and matrix metalloproteinase-9 (MMP-9) in brain cell cultures C: control (neural cells treated with non-stimulated A549 medium, as explained in Methods); T: treated (with LPS-stimulated A549 2%, 5%, 15%, 25%, or 50% A549 conditioned medium). Results are expressed as mean AE SD; n ¼ 9. Each T group is compared with its corresponding C group. Levels are expressed as picograms per milliliter. BDL: below the detection limit of the assay; *P < 0.0001 respect to each control group, y P < 0.05 t ¼ 24 h vs. t ¼ 6 h.
Our study has limitations and strengths. First, although our in vitro approach is based on the first steps in the development of sepsis and sepsis-induced ARDS, 16, 20 cell culture stimulation with LPS does not completely replicate sepsis. Second, although we have used a brain cellular model including neurons and astrocytes, we did not study the LPS effects on microglia, another key player of neuroinflammation. However, we do not think that the addition of microglia would have weakened our results since levels of mediators would be likely greater when microglia cells are added, but this would not change our conclusions regarding lung-brain crosstalk. Third, although we cannot extrapolate the concentrations of conditioned media with a plausible clinical neurophysiological deterioration, several reports in septic patients with acute lung injury have shown that S100B and NSE are markedly increased and predicted outcome. 29, 30 We do not think that the lack of BBB in our cellular model constitutes a major limitation, due to the previously reported evidence of BBB disruption in sepsis, allowing substances to reach the brain. Finally, we have used brain cells from the cortical area; therefore, we cannot state for certain that the same response to injurious stimuli could be observed in other brain regions, due to somatotopic organization of the brain. A clinically relevant strength of our study is that we have analyzed the response of brain cells caused by LPS-induced lung inflammation at an early time-period. Usually patients with sepsis and/or ARDS are mechanically ventilated, a procedure that affects brain function. 15, 38, 39 However, our findings suggest that early lung inflammation might cause deleterious effects in the brain. Due to the complexity of the interaction between organs, further research is needed to validate our findings using in vivo models of sepsis-induced ARDS.
In summary, our study showed that epithelial pulmonary cells after stimulation with LPS release different mediators that significantly affect brain cells. These findings seem to support the concept that a severely damaged organ might cause a biological response in a distal one, in line with emerging ideas regarding lung-brain crosstalk in sepsis and ARDS.
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